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DEPARTMENT OF THE ARMY

U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS. VIRGINIA 23604

The objective of this program was to determine the feasibility
of using a dry lubricant in present helicopter transmissions as
an auxiliary means to extend the catastrophic failure time to a
minimum of 30 minutes.

This report presents the results of a literature survey, pre-
liminary screening tests of solid lubricants, and laboratory
testing of bearings and gears under speeds and loads experienced
in helicopter transmissions, simulating both normal and failed
lubricating conditions.

This command concurs in the conclusions made by the contractor.
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A

SUMMARY

The feasibility of using solid lubricants in bearings and gears has been
demonstrated as a satisfactory method for preventing catastrophic failure
and for providing emergency operation of helicopter transmissions in the
event of an oil lubrication failure,

Modified size-206 Conrad-type ball bearings with retainers of a glass
reinforced polyimide, WRP-140, operated initially uader a base line
condition of oil lubrication for 40 hr. This was followed immediately
by 0.5 hr of residual oil lubrication and 1.5 hr with no external lubri-
cation at 14,000 rpm for various thrust loads of up to 800 1b without
failure. Bearings with a silver alloy - Teflon composite, RB-HP-15
operated under similar oil and residual lubrication for 0.5 hr at loads
of up to 450 1b before failure.

A conventional 12 diametral pitch (DP) AISI 9310 gear set, using a 6-in.
gear and a 2-in., pinion with a 2.5-in. idler of WRP-1L4O, operated under
base line conditions of oil lubrication for 40 hr at approximately
14,000 rpm and at a tooth load of 160 1bI61+0 1b/in. tooth width (ppi)].
Similar gears with the same idler operated 0.5 hr with no external
lubrication at a load of 1220 ppi (305 1b tooth load). With an
RB-HP-15 idler, other gears were operated without lubrication for 0.5 hr
at a load of 1220 ppi.

A literature survey was made of solid and fluid lubricants; helicopter
transmissions and related components, such as gears and bearings; solid
lubricant specifications; and other consolidated references on solid
lubricants.
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INTRODUCTION

Adequate lubrication of the gears and bearings in the power transmission

of rotary-wing aircraft is critical to its proper operation. There are

few comparisons in other aircraft where reliability is so vital a factor.

The occurrence of a lubrication system failure of the transmission drive

system would cause catastrophic failure of the related gears or bearings

and result in stoppage of the rotor. In a combat situation, this failure

would result in an immediate abort of the mission, with loss of the air- |
craft and probable loss of personnel. ¥

Research efforts have shown that solid lubricants may be considered as
candidate materials in providing adequate lubrication to bot? fears and
bearings without the necessity of fluid lubricants. Johnson 1) geter-
mined wear and friction of composites containing molybdenum disulfide in
1957. Since that time other investigators made significant progress in
the development and application of solid lubricants. Some of this work
is mentioned in the "Discussion".

The program reported herein was coriucted to determine the feasibility

of using solid lubricants in gears and bearings under speeds and loads
experienced in helicopter transmissions to simulate both normal and

failed lubricating conditions. Lubricating oil MIL-L-7808, a diester
sebacate fluid, was used as the oil for 4O hr of conventional opera-
tion; the solid materials provided lubrication in the emergency condi-
tion for an additional 0.5 hr, when no o0il was supplied. Extending
operation of the bearings and gears for 0.5 hr after loss of oil, through -
battle damage of the transmission, should be sufficient to allow the heli-
copter to return to friendly territory or to select the location for an
emergency landing.

An experimental evaluation program was conducted to screen selected solid
lubricating materials, to evaluate these materials as lubricants for both
bearings and gears, and to perform compatibility tests. An additional
part of the evaluation program covered the method used in determining

the bending loads and Hertz stresses of the bearings and gears. This de-
termination is covered in Appendix I.

A literature survey covered a review of abstracts of scientific litera-

ture and research programs concerning solid lubricating materials, and

systems, fluid lubricants and systems, mechanisms, gears, bearings, and s
solid lubricating materials with related specifications. Some of the

data are presented in Appendixes II and III.
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EXPERIMENTAL RESULTS

SCREENING TESTS

Fifteen solid lubricating materials were selected as possible candidates
that could be used with gears and bearings to provide emergency opera-
tion in the event o. an interrupted oil supply. Three conditions of
lubrication were evaluated ancd covered:

1. Circulating 0il Operation
2. Residual or Marginal Operation

3. Dry Operation
A summary of the lubricants selectcd and a description of the lubricat-
ing conditions are noted in Table I.
TABLE I

SOLID LUBRICANT MATERIALS

Material

Designation Composition (wt %)
WRP-1L0 60% polyimide; u40% glass
RB-HP-15 85% Ag-Hg; 15% PTFE
101 53% WSep; 12% Co; 35% Ag
108 80% MoSp; 20% Ta
114 50% MoSp; 38% Ta; 12% Fe
RB-AP-1 70% Ag; 20% PTFE; 10% WSep
RB-CP-1 60% Cu; 30% PTFE; 10% WSe
RB-GA-IN 80% WSeo; 20% Galn
Thin Film Na28i03; MoSp
2136 (AF-I-1-MIO) 90% Ni; 10% MoSp
2137(AF-IL-W20) 80% Ni; 20% WSp
2138(AF-IL-65) 954 Ni; 5% CeFo
REP 4% Brz; $0% polymide; 20% graph
WRC-92M 704 asbestos; 304 BPOL
WRW-1 aphite (cloth); 1 imide

The s0lid lubricants were screened in a wear and friction tester under
various loads and sliding conditions. The loads ranged from 3000 psi
under fluid conditions to 200 psi for dry operation. The sliding
velocity of 2500 ft/min represented the sliding conditions experienced
in a size-206 ball bearing and on the tooth face of a 2-ir., gear rotat-
ing at 14,000 rpm.



Circulating Oil Operation

The solid lubricating material specimens in the form of 0.25 in. x 0.75
in. x 0.50 in. blocks were screened at loads of 1500 psi and 3000 psi in
the wear and friction tester. The 0.25 in. x 0.75 in. face of the speci-
men rubbed against the periphery of a 0.25-in.-wide rotating Type u4l40-C
stainless steel disk.

The contact surfaces of the specimen and disk were flooded with oil to
act as a lubricant and coolant. The oil feed of 10 drop/min on the disk
used in the tests was sufficient to provide hydrodynamic lubrication
under most circumstances.

Three of the candidate materials failed during preliminary tests and
were not included in any of the further test programs. The WRW-1 im-
pregnated graphite cloth and the WRC-92M phosphate composite had poor
strength properties. The RBP bronze-graphite filled plastic material
exhibited poor wear characteristics under dry operating conditions,

The average results of multiple tests of the remaining twelve materials
are shown in Table II. All of the materials, with the exception of the

TABLE II
CIRCULATING OIL SPECIMEN SCREENING AT HIGH LOADS —

Load: 1500 psi

Sliding velocity: 2500 ft/min

Time: 0.5 hr

Coef. of Wear Stabilized

Material Friction (MM) Temp. (°F) Remarks
WRP-140 0.09 Polish 121 Stable operation
RB-HP-15 0.07 0.5 115 Stable operation
101 0.08 0.4 86 Stable operation
108 0.02 0.5 106 Stable operation
11k 0.01 1.0 87 Marginal wear
RB-AP-1 0.05 0.7 125 Stable operation
RB-CP-1 0.06 0.5 120 Stable operation
RB-GA-IN 0.05 0.3 8L Stable operation
Thin Film 0.09 1l a3 Film worn through
2136 G.08 1.1 210 Variation in wear
2137 0.06 0.k 80 Stable operation
21}8 0.09 1.2 200 Variation in wear

thin film specimen, exhibited satisfactory to marginal lubricating char-
acteristics at a load of 1500 psi. The coefficient of friction measured
was extremely low and indicated 11 of these materials could be used as
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sleeve bearings under partial hydrodynamic lubricating conditions.

Wear was univormly low for all of the materials. The operating tempera-
tures varied over a wide range for the different materials. Part of the
temperature variation was attributed to the differences in thermal con-
ductivity of the materials and part to the location of the thermocouple
in the test specimen., The molybdenum disulfide resin bonded thin film
material exhibited low wear, friction, and operating temperature even
though the film had worn through and steel was rubbing against steel.

It appears that only a small amount of solid lubricant in addition to
the oil is required to prcvide excellent lubrication under the fluid test
conditions, even at rather high loads.

Repeat tests were made on the same group of twelve materials at a load of
3000 psi. The results of these multiple tesis are shown in Table III.

TABLE III

CIRCULATING OIL SCREENING AT VERY HIGH LOADS
Load: 3000 psi
Sliding velocity: 2500 ft/min
Time: 0.5 hr

Coef, of Wear Stabilized
Material Friction (MM) Temp. (°F) Remarks
WRP-1L40 0.10 %5 232 Variation in temperature
RB-HP-15 0.06 0.6 175 Stable operation
101 0.23 0.8 121 Variation in friction
108 0.05 1.1 133 Stable operation
114 ---- --- --- Test not completed
RB-AP-1 0.06 0.6 150 Stable operation
RB-CP-1 0.06 0.6 144 Stable operation
RB-GA-IN 0.09 0.4 109 Stable operation
Thin Film -—-- -—-- --- Test not completed
2136 0.26 2.1 220 Marginal operation
2137 0.29 0.6 175 Variation in friction
2138 0.27 2.2 230 Marginal operation

The materials exhibited a greater variation in both friction and wear when
compared to the results obtained at 1500 psi. The WRP-140 material exhib-
ited a variation in temperature from test to test. The temperatures
ranged from 120 to 232°F while the wear and friction values remained rel-
atively constant. A somewhat similar variation occurred in the friction
for the 101 and 2137 matzrials. Three of the materials (2136, 2137, and
2138) exhibited rather high friction characteristics. This may be the
result of the change in specimen surface as it wears in the transfer of
specimen material to the disk. For either condition, the effect was the
same: hydrodynamic lubrication was lost, and boundary layer lubrication
became predominant.



Residual, or Marginal Operation

The residual oil tests were run on the same tester to evaluate the mater-
ials under initial emergency conditions.,

0il was supplied to the surfaces of the solid lubricant and metal, and
then the flow was stopped. Only that oil that remained in the system
was available for lubrication. The oil supply was exhausted within
several minutes of operation., Repeat tests were made using specimens
that had been immersed in MIL-L-7808 oil for 45 days to determine if the
oil would adversely affect the lubricating properties of the solid mater-
ials.

The results of this test group are shown in Table IV. In general, the
materials exhibited higher friction,wear, and operating temperatures than

TABLE IV

RESIDUAL OIL SPPCIMEN SCREENING
Load: 150-200 psi
Sliding Velocity: 2500 ft/min
Time: 0.5 hr
Condition: After U45-day oil immersion

Coef, of Wear Stabilized

Material Friction (MM) Temp. (°F) Remarks
WRP-140O#* 0.09 0.2 109 Stable operation
RB-HP-15% 0.26 1.9 198 Stable operation
101% 0.08 6.3 178 Marginal wear

108#% 0.08 2.6 130 Stable operation
11kL* 0.18 3.4 130 Stable operation
RB-AP-1 0.22 2.0 176 Stable operation
RB-CP-1 0.26 2.0 175 Stable operation
RB-GA-1IN 0.16 3.1 135 Stable operation
Thin Film ———- -—-- --- Not tested

2136 0.k1 12.0 420 Marginal operation
2137 0.47 8.0 290 Marginel operation
2138 0.46 6.0 235 Marginal operation

*Tndicated materials were screened again after 90 days with similar
results

1/

that of the circulating oil tests even though the loads were reduced to
150-200 psi. The most desirable materiels were: WRP-140, 108, RB-AP-1,
and RB-HP-15.
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The WRP-140 material exhibited low friction and wear bectuse of the
absorbed oil. The material acted as a wick and provided sufficient
oil at the rubbing interface to provide satisfactory lubrication. The
108 material provided satisfactory lubrication because of the extremely
high MoS2 powder content. The material had sufficient strength and
hardness properties to provide relatively low wear rates under test
conditions. The RB-HP-15 material, which contained high percentag

of silver, contained Teflon, which aided in the transfer of a silver
film to the steel disk. However, this transfer apparently required
more energy than the 108 material and resulted in a correspondingly
higher friction and operating temperature.

Dry Operation

The screening wear and friction tests were made on twelve specimens,
without benefit of any fluid lubrication, under the same load and speed
conditions as the residual oil lubrication tests. The average results
of the multiple tests are shown in Table V. The five materials known as
WRP-140, RB-HP-15, 108, 114 and RB-CP-1 appeared to be satisfactory; they
exhibited somewhat similar wear and friction characteristics.

TABLE V

DRY SPECIMEN SCREENING
Toad: 150-200 psi
Sliding velocity: 2500 ft/min
Time: 0.5 hr

Coef. of Wear Stabilized

Material Friction (MM) Temp. (°F) Remarks
WRP-1LO 0.28 4.7 186 Tested at loads up to
1500 psi
RB-HP-15 0.26 L.8 170 Very stable operation
101 0.13 7.8 220 Excessive wear
108 0.14 2.8 150 Stable operation
114 0.13 2.8 146 Stable operation
RB-AP-1 0.27 .7 160 Max. temp., 320°F
RB-CP-1 0.25 2.8 136 Stable operation
RB-GA-IN 0.34 L.6 232 Failed after 5 min.
Thin Film* 0.09 4.8 260 Fa‘led after 5 min.
2136% 0.60 8.0 330 Failed after 2 min,
2137# 0.76 2.0 350 Failed after 1 min.
2138+ 0.73 8.0 290 Failed after 1 min,

#Jear and temperature at time of failure (average of 20 tests)

It was observed during the screening tests that some of these five mater-
ials lacked other properties that were necessary for satisfactory bearing

6



lubrication., The 108 and 114 materials were similar to carbon materials
and were extremely brittle with little shock resistance. The RB-CP-1
material exhibited low strength properties and was deleted from the sub-
sequent test program. Two solid lubricant composites, WRP-140 and
RB-HP-15, were selected as candidate materials for the functional bearing
and gear tests.




BEARING TESTS

The test bearings were 206-size, 30mm, deep-groove Conrad-type using a
solid lubricated retainer. They were evaluated at 14,000 rpm in a spe-
cial bearing tester. The test apparatus used either one or two test
bearings on a horizontal spindle. The load was applied in an axial di-
rection. A complete description of the test bearings, tester, and test
procedure is given in the section entitled "Experimental Program”.

The bearings were modified in order to use the solid lubricant retainers.
Each retainer was identified by a suffixal number as part of the composite
material identification. Three retainers were used in the test program.
The dimensions of these retainers: RB-HP-15-1, WRP-140-1 and WRP-140-2,
were similar. The WRP-140-1 retainer, incorporateda 0.0L4O-in. thick
steel reinforcing plate on each side to provide additional impact
strength. One of the retainers is shown in Figure 1.

LW 000 .00

(s e e o e >
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Figure 1. Ball Bearing With WRP-140-2 Retainer
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The bearings were evaluated under conditions of (1) circulating oil oper-
ation, (2) residual or marginal oil operation,and (3) dry operation.

.

Circulating Oil Operation ’

The first series of 40 hr duration tests was made in circulating oil at

a speed of 14,000 rpm on bearings with the WRP-140-1, WRP-140-2 and

RB-HP-15-1 retainers. Thrust loads of 225 1b and 450 1lb were used on

each bearing. 1In addition, comparison tests were run where bearings

with pressed steel retainers were used. Each bearing was isolated and {
used an individual oil supply and drain' system. The normal oil flow to

each bearing ranged from 450 to 520 cc/min.

The results of these tests are shown in Table VI. The bearings were
evaluated in groups cf two, with the first listed bearing of each set
being located in the front of the tester. All of the bearings operated
satisfactorily, and no evidence of component or retainer wear was appar-
ent. The internal clearance of the test bearings was approximately 3 to
6 times that of commercial bearings with pressed steel retainers. This
greater clearance was not required for the circulating oil operation but
was desired for the dry operation. These results indicate that the in-
creased clearance was not detrimental to circulating oil operation with
regard to operating temperature and torque, as shown in Figure 2 and

Figure 3.

The weight loss of the WRP-140-1 and -2 retainers is an estimate. The
retainers lost or gained weight as a function of the amount of oil used.
The amount of retainer wear was insignificant. Every effort was made to
remove the oil and to weigh the retainers before and after test under
the same condition.

Residual or Marginal Operation

The residual or marginal lubrication tests were made to evaluate opera-
tion of a bearing after the oil flow was stopped to simulate a lubrica-
tion system failure. In this test series, the bearings with composite
retainers were evaluated in the front location. A facility bearing

with a pressed steel retainer wac located in the rear bearing position.

Separate tests were made for each of the RB-HP-15-1 and WRP-140-2 retain-
ers at both 225- and 450-1b thrust loads at 14,000 rpm. Each test was

of 1 hr duration. During the first 0.5 hr that the bearing operated,

the circulating oil system was used to obtain stabilized bearing and oil
temperatures. The oil flow was stopped to the test bearing, and the test
continued for another 0.5 hr. 0il flow was supplied continuously to the
rear facility bearing during the entire test. The results of test are
shown in Table VII.

The bearings satisfactorily completed the tests, and no visual evidence
of wear was noted on either the bearing components or the retainers.
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Figure 2. Temperature vs Load For Solid Lubricated Bearings

The bearing torque and operating temperature for the various loads in-
creased over that of the corresponding circulating oil operation. Al-
though using temperature was not the most sensitive technique for deter-
mining the change, temperature provided the most information in this
series of tests, as noted in Figure 2. The temperature increase of the
bearing with the WRP-140-2 retainer was 20% higher than that of the cir-
culating oil tests at the 450-1b load. The temperature increase for the
operating bearing with the RB-HP-15-1 retainer was 20% at 225-1b and 35%
at 450-1b over those obtained with the circulating oil system.

In the residual oil tests, when the load was doubled, the operating tem-
perature increased approximately 13%. This increase was due in part to the
loss of the cooling effect obtained when the oil was being circulated.
Without the oil, the bearings stabilized at the higher temperatures after
approxinately 10 to 12 min. It was estimated that the oil in the bearing
system drained completely within 1 to 2 min after the oil flow was ter-
minated.
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Figure 3. Torque vs Load For Solid Lubricated Bearings

The oil temperature of the facility bearing varied over a range of 6°F
during the various tests and may have been influenced by the different
operating temperatures of the test bearing.

The change in static torque values was small and within the range obser-
ved for the circulating oil tests, as noted in Figure 3. This was sig-
nificant and indicated that bearing operation was stable and would level
off at a higher operating temperature. This series of tests was run with
no flow of cooling air over the beering or housing si..:%ure. If cooling
air had been used, the stabilized temperature would have been correspond-
ingly lower.

Dry Operation Tects

The dry operation tests were made under extremely severe conditions. The
bearings were wiped dry of oil before test, were started dry, and were

run without oil for 0.5 hr at approximately 14,000 rpm. The two candidate
retainer materials were evaluated in bearings at thruct loads of 225 1lb
and 450 1b. The WRP-140 retainers were also operated at a load of 800 1b
for 1.5 hr without failure. Both bearings in the tester were used as

test bearings.
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The results of tests are shown in Table VIII. Again, using temperature
was a better method of evaluating bearing and retainer performance than
using bearing torque, as noted in Figure 2 and Figure 3.

Satisfactory bearing operation was obtained at a load of 225 1b when
either the WRP-140-1 or the RB-HP-15-1 retainer materials were used.

The increase in temperature of the WRP-140-1 bearing was approximately
the same in the residual tests. However, the RB-HP-15-1 bearing operated
at 180°F. This temperature was similar as that for the 450-1b load in
the residual oil tests and was 30°F higher than that for the WRP-140-1
bearing operating under the same conditions.

At the load of 450-1b, the RB-HP-15-1 bearing failed (29 min) just before
completing the 0.5-hr test. The temperature had stabilized at approx-
imately 260°F. The retainer split through the ball pockets; then the
rings broke into smaller segments, as noted in Figure 4. The test unit

Figure 4, Ball Bearing With Failed RB-HP-15-1 Retainer

was immediately shut down. The bearing on which the retainer had failed
was in excellent condition and had been satisfactorily lubricated until

15



fajlure occurred. No further testing was accomplished with the RB-HP-15-1
retainer material. The bearing may have falled because the retalner ex-
panded and decreased the clearance between the inside diameter of' the
retainer and guide lands of the inner race. It is believed that the
bearing would have operated satisfactorily in the range of 210 to 220°F
had not failure of the retainer occurred. The rear bearings using either
the WRP-140-1 or the WRP-140-2 retainers operated at approximately 20°F
higher than the front test bearing in similar tests because of the heat
"soak"” through the shaft and support structure,

The stable temperature for the bearings with WRP-140-1 or WRP-1L0-2 re-
tainers was 170°F at the 4L50-1b load. The temperature appeared to in-
crease almost linearly from 170 to 210°F for operation up to 800 1b. A
significant difference in retainer weight loss was noted for the two
test bearings. This difference was due to the amount of oil lost in the
one bearing. It was believed that one bearing was running under more
duress and that the oil loss from the retainer was greater. The individ-
ual torque values for each bearing were estimated from the test data and
are shown in Figure 3. These values were obtained from bearings with
random retainer combinations and clearance gecometry.

For dry operation at the 225-1b load, the bearing torque with a RB-HP-15-1
retainer was 21 in.-oz as compared with 9 in.-oz for the WRP-140-1 retain-
er. For the 450-1b load, the values were 48 in.-oz and 12 in.-oz respec-
tively.

The RB-HP-15-1 retainer accumulated the following operating time in dif-
ferent bearings under a 225-1b load: 40 hr in a circulating oil system,
1.5 hr with marginal lubrication, and 1.5 hr of dry operation. The
WRP-140-1 retainer (with metal side plates) accumulated 0.5 hr residual
and dry at 225 1b, 40 hr lubricated at 450 1b, 0.5 hr dry at 450 1b,
and 1.5 hr dry at 800 1b. The WRP-140-2 retainer accumulated 1.0 hr
dry at 225 1b, 0.5 hr at 450 1b, and 1.5 hr at 800 1b.

One cursory test was made using pressed steel retainers without lubrica-
tion., The static torque measurements were erratic and in the range of
25 in,-0z. No test data could be obtained for the beerings seized and
the drive belt slipped before the full speed of 1&,000 rpm could be
reached. This seizure represented an inciplent failure rather than
catastrophic failure of the bearing components.

GEAR TESTS

Steel spur gears of 6-in. and 2-in. pitch diameters with a diametral
pitch of 12 were evaluated in the functional tests; 2.5-in. pitch di-
ameter zolid lubricating idlers of WRP-140 and RB-HP-15 were used.
The configuration of the idler gears was similar in tooth profile to
that of the large load gear except the root was undercut to provide
additional tooth tip clearance of the load gears. Four idler gears
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were used. The suffixal letter after the material designation identi-
fies as follows: WRP-140-A, WRP-140-B, RB-HP-15-C, RB-HP-D. Each of the
idler gears incorporated a ball bearing with a WRP-140 retainer in the
steel gear hub. The WRP-140-A and WRP-140-B gears had a special oil
reservoir in base of idler material; and a corresponding reservoirin the
outer edge of the steel hub. A set of test gears along with the idler
gear components, including the hub and bearing, is shown in Figure 5.

A4 A4 LFTTTYTTT
I.muu )

Figure 5. Steel Load Gears and WRP-140-A Idler Gear Components

The gear train was operated in a "four-square" gear test apparatus under
various loads at pinion speed of 14,000 rpm. A detailed description of
the apparatus, test gears, and test procedure is given in the section
entitled "Experimental Program". The gears were evaluated under two
major operating conditions to simulate both normal and failed lubricating
systems in the transmission.

Circulating 0Oil

The first series of tests was made with and without the solid lubricating
idlers in a normal oil-lubricated system.

The 4O-hr duration tests were made at tooth loads of approximately 160 1b
[§h0 1b (ppi) for each in. of tooth width] and 320 1b (1280 ppi). The re-
sults of tests are shown in Table IX.
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TABLE IX

CIRCULATING OIL GEAR OPERATION

Speed: 13500-1 rpm of pinion
0il Flow: 600 cc/min :

Time: LO hr
Tooth Width: 0.250 in,
Torque
Tooth*  TSTATIT Dynamic Temperature (°F) Idler** Weight Loss (gnm)
load(Lb) (In.-Lb)(In.-Lb) TIT Gear Material Pinion Tdler
160 12,1 72 122 128  None 0.001 None
160 12.1 T2 124 130 WRP-140-A 0.001 0.036
320 17.4 9% 134 150 None 0.003 None

#Stable operation of both idler and load gears was observed for all
three loads.
##The WRP-140-A idler was located on the load gear. No idler was used

on the load Einion. —

Operaticn of the test gears was satisfactory over the load range with

an oil flow of approximately 600 cc/min. The average gear temperature
was 128 to 130°F under the 160-1b load condition. No difference in opera-
tion was noted when the test was repeated with a WRP-140 idler in the
system. The idler was started with absorbed oil in the material, but

the reservoir (in the hub) was not filled. After tests, the reservoir
was observed to be completely full. Another run was made at 320-1b

tooth load (1280 ppi) to insure that the teeth had sufficient fatigue
strength for similar operation without lubrication.

Dry Operation

The last series of tests was made with the solid lubricant idlers as the
only method of lubrication. No external oil was added to the system.

The results of the 0.5-hr tests are shown in Table X. The gears operated
satisfactorily and successfully completed the run without measurable wear
on the tooth face. The gears were capable of extended operation. The
only noticeable change from that of the lubricated tests was the signifi-
cant increase in noise level. The gears were operated at both the 160-1b
(640 ppi) and 305-1b (1220 ppi) load.

The temperature data and observed noise level indicated that somewhat
better lubrication was obtained with the RB-HP-15 material than with the
oil filled WRP-140 material. However, the wear rate of the RB-HP-15 idler
was much greater and may not be satisfactory for long-time operation. A
more significant improvement was made when the WRP-140 idler was meshed
with the pinion rather than the gear. The addition of an idler on both
the gear and pinion also improved lubrication., A comparison was made of
the oil-lubricated gear teeth with those of the dry operation at the
1220-ppi load, in Figure 6. The difference in wear is slight. A polished
wveur area was noted at the dedendum of the gear teeth.
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Circulating 0il Operation

Dry Operation

Figure 6. Gears After 0.5 Hr Of Operation At 1220 ppi

A comparison of temperature and torque for the various runs is shown in
Figure 7. A greater difference in temperature is noted for the tests at
the two loads as compared to the torque values. This indicated, even
though the temperature was obtained with a pyrometer in the static con-
dition, that it was superior to measuring torque. The static and dynamic
torque values were apparently responsive to other components in the sys-
tem.

The dynamic torque readings were used to indicate a severe change in oper-
ation and did indicate a gear tooth failure on one of the special tests.
The test was made at an exceptionally high tooth load of 360 1b (1440 ppi)
at 12,500 rpm; a fatigue failure of one 6-in.gear tooth occurred after

23 min of operation. The idler gear was not damaged but started to bounce
as the pinion teeth passed over the missing gear tooth. Considerable
scoring and pounding were noted on several of the pinion teeth. The unit
was still operating when shut down, but approximately LO% of the load
torque had been lost.
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SOLID LUBRICANT COMPATIBILITY WITH MIL-L-7808 OIL

Lubrication tests of the immersed solid lubricants and an infrared (IR)
spectrographic analysis of the oil were made to insure compatibility of
the two materials when used together in a helicopter transmission. The
lubricating tests were made using the immersed specimens from the residual

0oil screening tests.

The oil, after the 45-day immersion tests at 150°F, was analyzed to de-

termine if any chemical change had occurred to affect the acidity or

other corrosion characteristics of the oil, A visual comparison ot the

oils was first made. A significant difference in color was noted for

two of the materials. The two oil samples which contained the RB-CP-1

and RBP materials appear to have darkened and may not be satisfactory.

The most desirable WRP-140 material, did not show any discoloration and

was considered to be satisfactory. '
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In additiorn, previous immersion tests with petroleum oils, as accomplish-
ed in related development programs, indicated that petroleum oils were
also inert to WRP-140.

A complete IR analys®s was made on an unusedoil sample and on one that
contained the WRP-140., The results are shown in Figure 8, Within the
limits of IR sensitivity the two oils appear to be chemically identical.

To
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Figure 8. Infrared Spectrum Of MIL-L-7808 0il

The peak at a frequency of 1170 cm'l is most likely due to a (-C-0-C-)
linkage, is somethat more intense in the as-received oil than in the other;
however, if any appreciable hydrolysis of the esters present had taken
place, an alcohol would have been formed, and enhanced absorption at a
frequency of 333 cm~! should have been observed. The slight difference

in the peaks at 1170 cm-l could be explained on the basis of a slight
difference in sample size or in operating parameters of the instrument.
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DISCUSSION OF RESULTS ‘

Solid lubricants in the form of graphite and molybdenite ore were known ‘
for centuries. However, they did not come into prominence until World

War II when the military services used these materials in lubricating ,
systems to prevent seizure of metal surfacees where oils and gre?ss-s vere

unsatisfgstory. Significa?ﬁ)recent ?dyances are noted. Bowe?é 2

Devipe Boes and Bowen, Bonis, 5} Campbell and Van Wyk, ) and

Boes\T/ have developed a variety of composifg materials satisfactory for |
lightly loaded bearing applications. Bowen ) has shown that composite i
materials could be used to lubricate both gears and bearings under heavy '
loads. Additional information regarding lubrication and other subjects

related to helicopter transmissions is found in Appendix II.

During this program, powder lubf&ation was not considered because of
the current work of Wallerstein in lubricating gears and bearings of
a jet engine. 1Instead, the upper range of loads on the bearings and
gears of this helicopter transmission study was increased twofold to
obtain a wider spectrum of operation.

The bearing and gear ceafigurationsused in transmissions are dependent

on the type of load along with the rotating speed of the parti~-lar
component in the system. Conrad-type bearings rather than angular con-
tact bearings were used, even though thrust loads were used in the tests.
In general, the Conrad-type bearings exhibit approximately 90% of the
rated thrust load values of those for angular contact bearings. The gears
employed short addendum teeth on the gear and long addendum teeth on the -
pinion to improve the bending strength of the gear. This tooth profile
increased sliding action of tooth tip by approximately 20% over that of

a conventional tooth profile. The bearings and gears were of aircraft
quality and were made from conventional materials.

Both the bending stress and compressive (Hertz) stress were calculated
for the gears. Considerable variation can be achieved in selecting the
service factors involved in these calculations, as noted in Appendix I.

During the preliminary bearing tests with the circulating oil system,

several conventional design bearings with pressed steel cages failed

when the oil flow was less than approximately 350 cc/min. An examination

of the inner ring of a failed bearing revealed that the race was a light

blue color. The ball path of this part was a dark blue color. The

Rockwell hardness was measured at 58.0 R.. The ball path was located

high on one shoulder. Severe denting was found within this ball path

along with light denting found in the bottom of the raceway. The outer

race was brown in color with a hardness of 55.0 Re. The ball path was

very wide, pitted, and dented. The ball path was located in the bottom

of the race and indicated that possibly it was running against the counter- !
bore shoulder. The counterbore was badly dented. The balls found in !
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this bearing were burnt and contained large, flat skid marks. a.
the balls were grooved from riding against the shoulder. The balls
measured a hardness of 53.0 Rc.

It is believed that temperatures of 600°F were experienced on the balls
and approximately 4SO°F in the outer race. The inner race does not
appear to have experienced the high temperatures of the balls or the
outer race. This analysis indicated that a bearing using higher shoulders
would be desirable to increase the reliability of operation under condi-
tions of marginal lubrication.

The variables in the gear tests were held to a minimum. The design of
the tester and gears eliminates many of the service factors experienced
in normal gear operation. In addition, diligence was exercised in
obtaining both load torque and driving torque measurements. The driving
or friction torque was monitored continuously and recorded intermittently
by using the special torque telemetering system. Although this combined
torque of the driving belt and tester was higher th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>